Records of Angus, Hereford, Shorthorn, and first-cross cows born from 1960 to 1963 were used to study the effect of age at first calving and culling policy on cumulative survival (SU), number of breeding seasons (BS), pregnancies (PG), calves born (CB) and Economic efficiency was higher for M2 than for M3 cows (> 10% at 6 yr to > 5% at 12 yr culling age), regardless of culling policy. Economic efficiency was maximum when terminal age of cows was 6 to 9 yr for M2 and 8 to 9 yr for M3 cows. Repeatability of pregnancy was higher (P < .05) for M3 (19%) than for M 2 (2%) cows. Economic efficiency for M 2 or M3 cows under NC was slightly poorer (2 to 3%) than under either AC or IC policies. Economic efficiency can be improved by managing heifers to calve first as 2-yr-olds under either mild or intense culling of open cows.
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Introduction
Age at fist calving is important for commercial beef cattle producers because it may affect the size Of COWS and also the weight and number of calves available for sale.
For seedstock producers, age at fiist calving also affects the potential annual genetic prog- Jn general, beef heifers are managed to calve first at either 2 or 3 yr of age. It has been shown that during the early of life. cows calving first at 2 yr of age have more difficulties at calving (Pope, 1967; Bellows, 1968; Menissier, 1975) and produce fewer W D O M I N G V E Z ET AL. %emales managed to calve first as 2-yr-olds (M2) or as 3-yr-olds (M3).
calves and less calf weight at first calving than cows calving first at 3 yr of age (Pinney et al., 1972; Bernard et al., 1973; Cundiff et aL, 1974) .
Only limited information has been reported on the effect of age at first calving on lifetime performance of aged cows. One of the first studies of the effect of fist calving age on cow performance was conducted by McCampbell (1920). who was led to believe that beef females never fully recover from the stress of calving at 2 yr of age. However, later studies (Withycombe et al., 1930; F'inney et al., 1972; Bernard et al., 1973; Chapman et al., 1978) have reported that, in the long run, cows calving first at 2 yr tend to recover and surpass the cumulative performance of cows calving first at 3 yr.
The present study was conducted to study 1) differences in cumulative performance of cows calving first at either 2 or 3 yr of age, under two culling procedures; 2) the effect of age at first calving and culling policy on herd input/output efficiency; and 3 ) the influence of age at first culling for infertility on repeatability of subsequent pregnancy rate.
Materlals and Methods
Data Source ana' Management. Data on average annual production, cow survival, and cumulative production through 12 yr of age were studied for 328 cows born from (Gregory et al., 1966) . Except for level of feeding in their first wintering period and age at which they were first assigned to breeding pastures, all females were managed as one group after they entered the breeding herd. Heifers diagnosed as not pregnant from their first breeding season were culled (17.9 and 18.6% for M2 and M3, respectively). There was no prior culling with regard to growth or reproduction. After the first breeding season until 10 yr of age, only cows failing to conceive in two successive years or those seriously sick or injured were culled. Cows over 10 yr of age were culled when they were diagnosed as not pregnant. All cows were calved during the spring. Length of breeding season was approximately 75 d and pregnancy was diagnosed by palpation about 75 d after the end of the breeding season.
Trait Measurement and Analysis. Lifetime cow production was defined as cumulative 200d weaning weight of calves produced (up to 12 yr of age) per initial replacement female. Some component traits studied by ages were percentages of cows pregnant, of calves born, and of calves alive at 72 h and at weaning; and birth weight per calf born and 200-d weaning weight per calf weaned and per cow exposed. Cumulative traits studied per initial replace ment female were cow survival, number of breeding seasons, number of pregnancies, number of calves born and alive at 72 h and at weaning, and 200d weaning weight. Cumulative traits were studied under two culling policies: 1) actual policy followed during the experiment, as described, and 2) imposed policy of culling all cows diagnosed as not pregnant from any given breeding season.
All traits were analyzed using least squares, mixed-model procedures for unequal subclass numbers (Harvey, 1975) . The model included the effects of cow birth year-breed of cow's sire subclasses, random effect of cow's sire nested within year-breed of sire, breed of cow's dam and the interaction of year-breed of sue x breed of dam. Cow birth year-breed of cow's sire subclasses were created because sires used to produce these cows were changed every year.
Average performance for management system ( M 2 and M3) was estimated as linear functions of cow birth year-breed of sire subclasses, using the mean square for sires within year-breed of sire as the error term for hypothesis testing. Because the experiment was not primarily designed to study the relationship between age at fist calving and lifetime production, the effect of management system (M2 -M3) at any given cow age included any effect of cow birth years 1962 to 1963 vs birth years 1960 to 1961. However, the 12-yr period of time for the M2 and M3 cows was the same for 9 to 11 yr of the 15 yr (except at the beginning and end of the lifetime performance compared). Thus, at any given age, the year effects represented in the differences between M 2 and M3 can be considered as a random source of error. Also, cows born in 1961 and 1962 were managed to calve first at 3 and 2 yr, respectively, and therefore were contemporaneous after their first breeding season until these cows were culled at 12 yr of age.
Reasons for removal of cows from the herd other than infertility were classified as mortality, crippled, unsound udder, cancer eye, lump jaw, prolapse, emaciation, and unknown. However, the infrequent reasons for disposals (crippled, unsound udder, cancer eye, lump jaw, prolapse, emaciation, and unknown) were grouped as "other" physical impairments. The CATMOD procedure of SAS (SAS, 1985) was used to test whether the frequency of reasons for disposal was associated with management system (M2 and M3). The log-linear model included the effects of reasons for disposal, management system, and their interaction.
To study the effect of previous pregnancy status (pregnant vs nonpregnant) on pregnancy rate, a model including the fmed effects of management system, cow age. previous pregnancy status, and possible two-factor interactions was used. Probabilities of pregnancy based on previous pregnancy status were used to estimate repeatability as the regression of mean difference in pregnancy rate in the succeeding exposure on that of the preceding exposure (Lush et al., 1941) . Standard error of repeatability was approximated as the square root of the sum of the variances of pregnancy for nonpregnant and pregnant cows in preceding exposure.
Economic Evaluation. An attempt was made to quanfi the economic impact of managing heifers to calve first at 2 vs 3 yr of age. A herd of 100 cows at age equilibrium was assumed. The effect of age at calving was studied under three culling policies, actual, imposed, and no culling (when only cows infertile from iirst breeding Season and beyond 10 yr of age were culled for infertility), varying the terminal (i.e., maximum) age (TA) that cows were dowed to stay in the herd from 6 to 12 yr.
Information for the no culling policy was obtained from data of this study. The main factors modified were pregnancy rate and cow survival. Estimated probabilities of pregnancy rate based on preceding pregnancy status (T. abl e 4) were used to predict pregnancy of M 2 and M3 cows by ages. Also, probabilities of culling cows for reasons other than infertility were used to estimate survival and distribution of cows at equilibrium.
In commercial beef cattle herds there are two main sources of income: sale of calves and sale of cull cows. Income from calves is a function of mual calf weight weaned (ACW) less weight of female calves retained as replacements, and of price for calves weaned. Annual calf weight is mainly influenced by weaning weight per cow exposed by ages (WW) and by the age distribution of cows at equilibrium (AD). Information on cow survival was used to obtain AD as described by NliiiezDominguez et al. (1991) . The value of ADi for Nl%3Z,-DOMINGUEZ ET AL the youngest age corresponds to the proportion of replacements needed (Pl). Then, ACW was calculated as follows:
Income from cull cows depends on the market price of these cows and on annual cull cow weight (ACCW) adjusted for cow mortality as follows:
PMi)*CWj. lo0
where ADCi = age distribution of cows culled = ADi -AD1 + 1; PMi = probability of cow mortality at age i; and CWi = cow weight at age i (when not available, the average was used).
Economic efficiency was estimated as the ratio of input/output. Total input included costs of growing replacements from weaning to beginning of first breeding and costs of the 100 cow units (CCU). It was assumed that cows culled, either because of infertility or because of terminal age, were sold 6 mo after the beginning of the breeding season.
For actual and imposed culling policies CCU was calculated from:
and for the "no culling" policy from:
10O.CUwhere CU = annual cow unit cost, and PCIi = probability of culling cows for infertility at age Prices of calves and cows were obtained from historical data, averaged from 1980 to 1989 (Wellman and Lutgen, 1990) . Costs (adjusted for labor and management) of the cow unit and of growing replacement heifers up to 2 or 3 yr of age were obtained also from historical data (Nebraska Cooperative Extension, 1980 to 1990) and averaged from 1980 to 1989. Costs of replacements were modified by omitting bull costs and value of replacement heifers at weaning and considering 5.5 mo of summer pasture only for M3 cows. A summary of the information used for the economic evaluation is shown in Table 2 .
Results and Discussion
Average Annual Production. Analyses of cow performance by ages were only carried out under the actual culling policy. Heifers that were bred younger (M2) had a .7% higher pregnancy rate, 3.7% lower calving rate, 8% lower calf survival at 72 h, and 13.7% lower (P < .05) calf crop weaned (Figure 1 ) for their first calving than did M3 heifers (Table 3) . Heifers bred younger tended to have fewer calves and lost more calves than older firstcalving heifers, probably because of more calving difficulties.
Some reports indicate that there are large differences in calving difficulties between M2
and M3 cows. Pope (1967) reported that 47% of the Hereford cows first mated as yearlings vs 2% of those mated as 2-yr-olds were assisted at first calving, and Bellows (1968) reported that the proportion of abnormal presentations of M2 (43%) Hereford heifers was higher than for M3 (16%) heifers. Menissier (1975) showed that Charolais heifers first calving at 2 yr had 2 to 3 times greater numbers of difficult calvings than those first calving at 3 yr. An overall measure of reproductive efficiency in beef cattle is weaning rate per cow exposed to breeding. Figure 1 shows that from the second calving to 12 yr of age, the percentage of calf crop weaned was similar for M 2 and M3 cows. Over all ages, pregnancy rate was higher (P < .05) for M2 than for M3 cows; however, percentages of calves born, calves alive at 72 h, and calves weaned were similar for M2 and M3 cows (Table 4) . Bernard et al. (1973) also found that preweaning survival of Shorthorn calves from M2 cows was only 1.5% lower (P > .lo) than from M3 cows at ages up to 8 yr.
Average 200-d weaning weight per calf weaned and per cow exposed to breeding by ages are shown in Figure 2 . Weaning weight of calves from first calvings was lower for M2 than for M3 cows. As expected, weaning weights increased as cows advanced from 2 or 3 yr of age to mature ages (5 to 9 yr) and then decreased as cows became older. The curvilinear effect of age of the cow on weaning rate and on weaning weight of their calves was more evident for M2 than for M3 cows, mainly because the M3 group were more mature when they calved for the fist time. Cows calving at 2 yr apparently experienced more nutrient demands for growth while rearing their calves.
At the same ages, calves from M2 cows had similar birth weight but lighter weights per calf weaned (P < .05) than calves from M3 cows ( 1974; Chapman et al., 1978) , but most of them have indicated the potential advantage of M2 cows in terms of lifetime production. Previous Pregnancy Status. Only the effects of previous pregnancy and its interaction with management system were significant (P e .05) for pregnancy rate. Probabilities of pregnancy by previous status are reported by management system and age combination in Table 5 . Under M2, cows that were not pregnant the previous year had a pregnancy rate similar to that of those that were pregnant 1 yr before (88.4 vs 90.4% or repeatability of 2%). However, under M3, those females that were not pregnant the previous year had a lower pregnancy rate than those that were pregnant (68.2 vs 86.9%, or repeatability of 19%, P < .Ol). These different estimates of repeatability indicate that selection for fertility was more effective among yearling than among 2-yr-old heifers. Bellows (1968) reported that lifetime calf crop production records of heifers that produced calves as a result of the first breeding season (86.8%) was greater than for heifers that were not pregnant (54.9%) after the first breeding season, resulting in an estimate of repeatability of 31.9%. Fahmy et al. (1971) reported that lifetime average calf crop production of the cows that had calved at 2 yr and those that had failed to calve at that age were 88.3 and Figure 2 . W e a n i n g (2oo.d) weight per calf weaned and per cow exposed when managed to calve fust at either 2 (M2) or 3 (M3) years of age.
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77.4%, respectively, or repeatabiity of 10.9%. It would seem that M3 cows were less highly selected for reproduction than those M2 cows, and thus expressed greater differences in repeatability of fertility.
Although the interaction of age with previous pregnancy status was not significant, repeatability under M3 tended to be higher at 4 and 5 yr than at older ages ( Table 5 ), indicating that pregnancy status was a better indicator of future reproductive performance among younger, less-selected cows. Although these results do not come from a very large data set, they may be of interest for modeling beef production systems and for evaluating culling of open cows.
Cow Survival. A different trend for survival of M2 and M3 females was observed depending on the culling procedure (Figure 3) . Under the actual culling policy, M 2 cows tended to show better survival after the third breeding season than M3 cows, suggesting that culling of females for infertility at 1 yr of age may be more effective to improve fertility at older ages than culling for infertility the first time at 2 yr of age. Pope (1967) also showed that survival of beef cows was not adversely affected by early calving as 2-yr-olds because by 14 yr of age, percentages of survival were 39.0 and 36.7 for 2-and 3-yr-old firstcalving cows. However, under the imposed culling policy, cumulative survival of M2 cows tended to be lower than that of M3 cows.
The interaction between management system and culling policy favored actual M2 over imposed M2 much more than actual M3 over imposed M3 (Figure 3) . Culling open females as yealings (actual M 2 ) but allowing them to stay in the herd if not pregnant their second breeding season while raising their fist calf increased the probability of survival in the herd greatly (16.8% by 12 yr of age) relative to that for the simulated practice of culling females that failed to rebreed while raising their first calves as 2-yr-olds (imposed M2).
The data in Figure 3 show that under the imposed culling policy, differences in number of breeding seasons, or opportunities to cull for failure to conceive, account for most of the differences between M 2 and M3 cows at any given age. For example, after seven breeding seasons in both systems, survival was more nearly the same for M2 (about 49% at 7 yr) and M3 (about 51% at 8 yr) than at the same age. Differences between M2 and M3 were even smaller after two, three, four, five, six, eight, or nine breeding seasons, emphasizing the importance of infertility or conception failures for cow survival under the imposed culling policy. No other studies were found comparing age at first breeding under different culling criteria.
Reasons for Disposal. Table 6 shows the ANOVA in culling frequency by reasons and management systems and their interaction. The proportion of cows culled for different reasons by management system is shown in Figure 4 . Frequency of culling reasons was dependent (P c .03) on management system. Specifically, the difference between frequency of culling for infertility vs other reasons was associated (P = .02) with management system. Relatively more cows were culled for infertility under M3 under M3 (7.1%). mainly because more M2 cows were culled for cancer eye and emaciation (Figure 4) . In general, M2 cows tended to be culled at younger ages than M3 cows, because they were evaluated for fertility at an earlier age. These results indicate that fertility of M2 cows was improved because of the earlier culling for infertility, but that the stress from earlier first calving probably was associated with more culling for other reasons. Pope Cumulative Performance. If breeding heifers at 1 yr of age has no adverse consequences on subsequent reproduction and maternal performance, then the M2 system must yield greater lifetime performance than breeding heifers as 2-yr-olds, because the former system will potentially produce an extra calf.
Least squares means for cumulative performance of M2 and M3 cows are shown in calves weaned per cow lifetime. Similar results were found by Chapman et al. (1978) . The culling criteria in the two previous studies was similar to the actual policy of the present study. Moms (1980) , in a comprehensive review of the association between age at first mating and lifetime performance, reported an average advantage of .7 calves for M 2 over M3 cows.
Actual Wetime cumulative 2004 weight calf production of M2 cows was greater (P < .05, up to 7 yr of age) than that of M3 cows. By 12 yr of age, M2 cows had weaned 138 kg more than M3 cows (Table 3) . Similarly, Pinney et al. (1972) reported that Hereford cows mated as yearlings produced 154 kg more (P > .05) calf weaned than cows calving first as 3-yr-olds. Also, Bernard et al. (1973) reported that M3 Shorthorn cows would never during their normal herd life equal the weaned calf production of M 2 cows, because the handicap in cumulative lifetime production ranged from about 140 to 107 kg up to 7 yr of age and only fell to 40 kg in cows calving at 8 yr of age. A similar advantage of M2 over M3 in lifetime production was reported by Chapman et al. (1978) ; however, they observed an interaction of age at first calving with feeding system, indicating that appropriate management is important for success for mating heifers at younger ages. Moms (1980). in a review of the effect of age at first-breeding on lifetime production, observed that lifetime weight of calf weaned was usually about 113 kg higher for M2 than for M3 cows. Under the imposed culling policy, the advantages of M2 over M3 were reduced. Although M2 females were exposed to breeding 1 yr earlier, by 12 yr they exceeded M3 cows by only .3 breeding opportunities, .3 pregnancies, .3 calves born, .2 calves alive at 72 h, and .1 calves weaned (Table 3) . Because these additional M 2 calves were raised at relatively young ages (see Figure 2) , cumulative lifetime production of M 2 fell behind M3 cows after 8 yr and was slightly less (24 kg, or 2.5%) for M2 than for M3 cows at 12 yr of age. This result casts doubt on the advisability of culling females the first time they are not pregnant after calving at 2 yr of age or older (imposed, M2), provided their fertility was estabhhed by pregnancy as yearlings (actual, M2) .
Economic Evaluation. Estimated economic efficiency for both M2 and M3 management when cows were finally removed from the herd after weaning their calves at terminal ages from 6 to 12 yr is shown in Tables 7, 8 , and 9 for the actual, imposed, and no culling policies, respectively. Differences between M2 and M3 management systems were fairly consistent across culling policies. A higher proportion of weaned calves was needed for replacements of M3 than of M 2 cows, and this difference decreased from 5 or 6% to 1 or 2% as terminal age increased from 6 to 12 yr. Generally, both total output and total input decreased as terminal age increased from 6 to 12 yr, more for M3 than M 2 cows, mainly because of the reduction in number of replacement heifers needed, and thus replacement costs, and also in input from cull cows. Total output was greater for M3 than for M 2 cows at any terminal culling age. However, total inputs also were much greater for M3 than for M2 because of higher proportion of replacements for M3. Therefore, the estimated cost per unit output value was less for M2 than for M3 cows at any age, and this difference decreased from .10 or .12 to .05 or .06 as terminal age increased from 6 to 12 yr.
In an early study of the relationship between age at first calving and lifetime performance of dairy cows (Dickerson and Chapman, 1940) , a definite but small increase in lifetime milk production efficiency was found when cows calved first as early as 26 mo compared with later calvers.
Estimated cost per unit output for M2 cows was about the same for terminal ages 6 to 9 yr and then increased thereafter. For M3 cows, costs were lowest when age for final removal from the herd was 8 or 9 yr. These results agree with those of Bentley et al. (1976) and Kay and Rister (1977) , who found an optimum age at culling of 8 and 9 yr, respectively. Older optimum replacement ages of 10 and 11 yr were reported by Rogers (1972) and Melton (1980) . respectively. Differences in economic efficiency between actual and imposed culling policies were small. Extra costs of growing more replacement heifers under the imposed culling policy was compensated by a higher income from salvage value of cows. Costs per unit output value under both actual and imposed culling policies tended to be lower by .02 to .03 than under the policy suggested by Neville et al. (1990) of not culling infertile cows. Keeping all infertile cows increases maintenance costs during the whole year, because dates of culling for other reasons are unpredictable. However, under both actual or imposed culling policies, expenses for cows to be removed from the herd for infertility are included only for 6 mo. If infertile cows are not culled promptly, the advantage of culling disappears. It seems that differences in efficiency among these two culling procedures become relatively small if all heifers infertile at first breeding are culled.
Actual values for the ratio of input/output are sensitive to the ratio of feed to cattle prices. For example, using the average costs and prices for the period 1987 to 1989, the cost per unit of output value has decreased by about 10% relative to the averages used for 1980 to 1989, indicating that cow-calf production has been more profitable in recent years. Higher cattle/feed prices would favor M 2 vs M3 management and reduce losses from culling open cows.
implications
Results from lifetime records of 328 Hereford, Angus, Shorthorn, and reciprocalcross cows indicate that costs per unit output value would be lower when beef heifers are managed to calve first at 2 rather than 3 yr of age, by 8 to 6% when all cows are removed at optimal terminal ages of 7 to 9 yr, respectively, under several culling strategies. For first calving at 2 yr, input/output costs increased for terminal culling later than 9 yr, but for fist calving at 3 yr, costs were lowest when terminal culling was at 8 or 9 yr. Differences among culling policies were small after heifers that failed to conceive during the first breeding season were culled. At optimal terminal replacement ages, culling all nonpregnant females was as efficient as allowing two consecutive nonpregnant seasons before culling, and either culling policy tended to be more efficient than no culling of nonpregnant cows after their fist calving.
